The aortic root is wedged within the cardiac base. The precise extent of aortic wedging, however, and its influence on the surrounding cardiac structures, has not been systematically investigated. We analysed 100 consecutive patients, who underwent coronary arterial computed tomographic angiography. We assessed the extent of aortic wedging by measuring the vertical distance between the non-adjacent aortic sinus and the inferior epicardium. A shorter distance indicates deeper aortic wedging. We assessed the tilt angle and diameter of the ascending aorta, the relative heights of the left atrial roof and the oval fossa, the shape of the proximal right coronary artery, the angle of the aorta relative to the left ventricular axis, and the lung volume. The mean extent of wedging was 42.7 AE 9.8 mm. Multivariate analysis revealed that ageing, male gender, increased body mass index, patients without cardiomyopathy, the extent of tilting and dilation of the ascending aorta, and lung volume were all independent predictors for deeper aortic wedging (R 2 = 0.7400, P < 0.0001). The extent of wedging was additionally correlated with a relatively high left atrial roof (R 2 = 0.1394, P < 0.0001) and oval fossa (R 2 = 0.1713, P < 0.0001), the shepherd's crook shape of the proximal right coronary artery (R 2 = 0.2376, P < 0.0001), and the narrowness of the angulation of the root relative to the left ventricular axis (R 2 = 0.2544, P < 0.0001). In conclusion, ageing, male gender, obesity, background cardiac disease, aortic tilting and dilation, and lung volume are all correlated with the extent of wedging of the aortic root within the cardiac base.
Introduction
It is well established that, with ageing, there are significant changes in the appearance of the ascending aorta, including elongation, dilation, increased tortuosity, and rotation (O'Rourke et al. 2008; Sugawara et al. 2008; Redheuil et al. 2011; Mori et al. 2014 ). The aortic root, which becomes the ascending aorta at the sinutubular junction, is centrally located within the cardiac base, being additionally wedged between the muscular ventricular septum and the mitral valvar orifice in the roof of the left ventricle (Anderson et al. 2000 (Anderson et al. , 2004 . It is possible, therefore, that the agerelated morphological changes involving the ascending aorta can influence, or be influenced by, the position of the aortic root itself. If this inference is correct, the known changes involving the ascending aorta can potentially be reflected by overall changes in cardiac anatomy. To the best of our knowledge, however, the extent of aortic wedging, and its association with the surrounding cardiac structures, has yet to be systematically investigated. Recent advances in three-dimensional imaging now permit the analysis of cardiac anatomy in the setting of the heart as located within the thorax (Anderson, 2015) . In this study, therefore, we have assessed the precise extent of aortic wedging using multidetector-row computed tomography. We have then investigated the association between the variation in wedging and the surrounding structural anatomies, including the intrapericardial ascending aorta, the left atrium, the oval fossa, the proximal right coronary artery, the left ventricle itself, and the virtual basal ring of the aortic root.
Methods

Study population
We studied the datasets obtained from 100 consecutive patients with a mean age of 64.3 AE 15.5 years, 38% female, who had undergone coronary arterial computed tomographic angiography for assessment of suspected coronary arterial disease in the absence of any identified disease process involving the aortic root. All patients had provided appropriate informed consent. The details of the indications for undertaking computed tomographic angiography, and the background cardiac diseases, are shown in Table 1 .
The study was approved by the institutional review board of Kobe University Graduate School of Medicine.
Measurements using computed tomography
All patients underwent electrocardiographically gated coronary arterial computed tomographic angiography using a standard protocol of retrospective electrocardiographically gated reconstruction with tube current modulation. All images were acquired during a deep inspiratory breath-hold, using commercially available computed tomographic scanners (Aquilion ONE, Toshiba Medical Systems, Tochigi, Japan; SOMATOM Definition Flash, Siemens Healthcare, Forchheim, Germany). Volume-rendered images involving the left atrium, left ventricle, aortic root, ascending aorta, and coronary arteries were reconstructed at mid-diastole. Using the volume-rendered images, we then calculated the volumes of the left atrium and left ventricle. We then made virtual dissections so as to reveal the location of the oval fossa (fossa ovalis). Pulmonary emphysema was estimated by an experienced radiologist (T. Nishii) as an extensive emphysematous change of the lung fields.
The extent of aortic wedging was estimated by calculating the vertical distance between the lowest point of the non-adjacent aortic sinus and the inferior cardiac epicardial border, tracing this dimension in both coronal and sagittal images (Fig. 1) . The greater the extent of wedging of the aortic root within the cardiac base, the shorter was the measured distance.
We then measured the relative height of the left atrial roof using volume-rendered images viewed from the posterior direction. This was defined as the vertical distance between the middle point of the left atrial roof and the lowest point of the non-adjacent aortic sinus (Fig. 2) . We drew a line to bisect the orifices of the inferior pulmonary veins, taking the crossing of this line with the roof as its middle. We noted that the dimple made by the pulmonary trunk as it exited from the pericardium was frequently observed around this point.
The relative height of the oval fossa, defined as the area showing closest contact between the right atrial and left atrial blood pools surrounded by the interatrial folds and anteroinferior muscular buttress (Verma et al. 2011; Mori et al. 2016a) , was calculated by taking measurements of reconstructed virtual dissection images, which visualised its right atrial rims. We then defined the relative height of the fossa as the vertical distance between its superior rim and the lowest point of the non-adjacent aortic sinus (Fig. 3A) . We also used the reconstructed images to measure the maximum and minimum diameters of the fossa as viewed side on.
We then analysed the morphology of the proximal portion of the right coronary artery, using the volume-rendered image as viewed in the left anterior oblique projection to measure the distance vertically from the superior margin of the coronary artery as it coursed through the right atrioventricular groove and the base of the coronary arterial orifice (Fig. 3B) . We defined this measurement as the height of the shepherd's crook. When large, this measurement indicated the presence of the so-called 'shepherd's crook' morphology for the right coronary artery, this being a common term used to describe the feature by cardiologists who perform percutaneous coronary interventions (Arani et al. 1988; Shriki et al. 2012 ).
All of our 'vertical distances', as shown in Figs 2 and 3, represent the distances between the superior horizontal plane involving the point A and the inferior horizontal plane involving the point B.
We evaluated the tilt of the ascending aorta as reported previously (Mori et al. 2014) . Thus, when viewed at an angle of 60°in left anterior oblique orientation, the line perpendicular to the plane of the sinutubular junction can be taken to represent the axis of the aorta, with the angle between this axial line and the horizontal then taken as the anterior tilt angle, expressed as a LAO (Fig. 3C ).
The diameter of the ascending aorta was measured at the level of the right pulmonary artery (Fig. 4A ). Left ventricular wall thickness was measured at the inferolateral wall using the multi-planar reconstruction image showing the left ventricular short axis at the level of the tendinous cords (Fig. 4B ). Multi-planar reconstruction image of the virtual basal plane of the aortic root was reconstructed using the standard method (Kasel et al. 2013) . The eccentricity index of the virtual basal ring was derived from the ratio of two orthogonal diameters (Fig. 4C ). The eccentricity index was defined as major-axis diameter divided by the minor-axis diameter. To investigate the association between the size of the thoracic cage and the extent of aortic wedging, we estimated lung volumes, including the trachea, using the volume-rendering method by extracting the low density volume under À500 Hounsfield unit within the thorax (Fig. 4D) as seen in the plain chest computed tomography scanned just prior to the coronary arterial computed tomographic angiography. To determine the long axis of the left A B Fig. 1 The methodology for determination of the extent of aortic wedging. The vertical distance between the lowest point of the non-adjacent aortic sinus and the inferior cardiac epicardial border was determined (red double-headed arrows) with careful referring to both coronal (A) and sagittal (B) images. (A) Using the carefully reconstructed virtual dissection image, the relative height of the oval fossa (white double-headed arrow) was measured as the vertical distance between the superior rim of the oval fossa and the lowest point of the non-adjacent coronary aortic sinus. (B) The height of the shepherd's crook (black double-headed arrow) was defined as the vertical distance between the superior margin of the proximal right coronary artery and the base of the right coronary artery orifice. (C) Viewed from angle of 60°in the LAO direction, the line perpendicular to the line connecting the bilateral sinutubular junctions was used as the axial line, and the angle formed between the axial and horizontal lines was measured as the anterior tilt angle, expressed as the a LAO .
ventricle, we took a line from the centre of the mitral valvar orifice to the left ventricular apex, using all three orthogonal planes (Engblom et al. 2004; Foldyna et al. 2014) . A plane rotated along the left ventricular axis was then adjusted to cross the centre of the aortic root so as to replicate the echocardiographic parasternal long axis view. The angle between the long axes of the aorta and the left ventricle was then measured to provide the aortic-to-left ventricular axial angle (Fig. 5 ). All the analyses were performed using a commercially available workstation (ZIOSTATION version 2.1.7.1, Ziosoft Inc., Tokyo, Japan). The eccentricity index of the virtual basal ring was derived from the ratio of two orthogonal diameters, defined as major-axis diameter divided by the minor-axis diameter. (D) The lung volume, including trachea, was estimated using volume-rendering method, by extracting the low density volume under À500 Hounsfield unit within the thorax.
Fig. 5
Measurement of the aortic-to-left ventricular axial angle. The left ventricular axis (yellow dotted line) was defined as the line connecting the center of the mitral orifice and the left ventricular apex. It was determined using three-orthogonal multi-planar reconstruction planes (sky-blue, red, and green sectional lines and panels). One orthogonal plane was adjusted to cross the centre of the aortic root so as to be similar to that of echocardiographic parasternal long axis view (green panel). The angle between the long axis of the aorta (black dotted line) and the left ventricular longitudinal axis was then measured as the aortic-to-left ventricular axial angle (b). Each sky-blue, red, and green sectional line corresponds to each panel framed by the same colour.
Intraobserver and interobserver reliabilities
For 20 randomly selected patients, the measurements of the height of aortic wedging and the aortic-to-left ventricular axial angle were repeated by a single observer (S. Mori) within an interval of 1 week. A second observer (T. Toba) performed the same measurements. The mean differences, and the limits of agreement, were determined according to the method described by Bland & Altman (1986) . 
Statistical analysis
Results
At the time of acquisition of images during coronary arterial computed tomographic angiography, the mean heart rate was 57 AE 9 beats min
À1
. Mean reconstruction phase, and mean effective radiation doses, were 73 AE 3% of the R-R interval, and 9.4 AE 5.8 mSv, respectively.
The clinical characteristics, and measured variables, of the patients are shown in Table 1 . Among the 100 patients, the mean height of aortic wedging was 42.7 AE 9.8 mm (range 24.5-79.3 mm). The mean relative heights of the left atrial roof and the oval fossa were 37.8 AE 8.2 and 5.4 AE 5.8 mm, respectively. The mean maximal and minimal diameters of the oval fossa were 22.5 AE 6.2 and 15.7 AE 4.3 mm, respectively. The mean height of the shepherd's crook was 6.1 AE 3.6 mm. The mean aortic angle was 63.9 AE 8.8°, the mean aortic diameter was 31.9 AE 3.7 mm, and the mean thickness of the left ventricular inferolateral wall was 8.1 AE 1.5 mm. The mean eccentricity index of the virtual basal ring was 1.31 AE 0.10, and mean lung volume was 4342 AE 1087 mL. The mean aortic-to-left ventricular axial angle was 128.7 AE 9.8°. In Table 2 , we show the comparison between the groups of patients with minimal and extreme aortic wedging, divided by the mean value of aortic wedging. Those patients with deep wedging were significantly older, and were shorter in terms of body height. The prevalence of hypertension was higher in those with deep wedging, and the prevalence of cardiomyopathy tended to be higher in those with shallow wedging, presumably in keeping with the greater left ventricular diastolic volume. In these patients, furthermore, the relative heights of the left atrial roof and the oval fossa were larger, despite comparable dimensions for the oval fossa itself. The height of the shepherd's crook was also increased in those with deeper aortic wedging. The aortic diameter was larger in those with deep wedging, whereas the lung volume, the aortic anterior tilt angle, and the aortic-to-left ventricular axial angle were all smaller.
To ascertain the potential existence of independent predictors of the extent of wedging, we carried out multiple linear regression analysis by stepwise forward selection. All variables with a probability value of less than 0.25 remained in the final model. This analysis revealed that ageing, male gender, increased body mass index, patients without cardiomyopathy, increased anterior tilting and dilation of the ascending aorta, and decreased lung volume were all independent predictors of deeper wedging (Table 3 ). The extent of wedging was also correlated in significant fashion with the relative heights of the left atrial roof, the oval fossa, the height of the shepherd's crook, and the aortic-toleft ventricular axial angle (Fig. 6A-D) . The extent of aortic wedging, however, showed no significant association with either the left ventricular wall thickness or the shape of the virtual basal ring of the aortic root (Fig. 6E,F) . The extent of aortic wedging showed significant positive and negative relationships with the lung volume and body mass index, implying that the positional change in the diaphragm due to lung volume and obesity would affect aortic wedging (Fig. 6G,H) .
In Fig. 7 , we show representative volume-rendered images, revealing shallow as opposed to deep wedging of the aortic root within the cardiac base.
We obtained excellent intraobserver and interobserver reliabilities when measuring the depth of wedging (Fig. 8A,  B) , with the mean intraobserver difference being À0.29 mm (95% confidence interval, À0.72 to 0.15; P = 0.1869), and the mean interobserver difference À0.32 mm (95% confidence interval, À0.84 to 0.20; P = 0.2096). For the aortic-to-left ventricular axial angle (Fig. 8C,D) , the mean intraobserver difference was À0.44°( 95% confidence interval, À2.08 to 1.20; P = 0.5816), and the mean interobserver difference 0.14°(95% confidence interval, À1.31 to 1.58; P = 0.8469).
Discussion
It is axiomatic that accurate appreciation of cardiac anatomy in the living patient is fundamental for optimal performance of cardiac interventions. Use of multidetector-row computed tomography now permits such analysis in the setting of the heart as imaged within the thorax (Anderson, 2015; Mori et al. 2016b) . One of the key features of normal cardiac anatomy is the wedged location of the aortic root, the outflow tract of the left ventricle being interposed at the cardiac base between the muscular ventricular septum and the orifice of the mitral valve (Anderson et al. 2000 (Anderson et al. , 2004 . This feature, however, has received little attention among those performing cardiac interventions. Thus far, to the best of our knowledge, no method has been proposed to quantify the extent of the aortic wedging. We believe our current methodology has now provided reference values for further study that might now be conducted in regard to aortic wedging. In the current study, we hypothesised that the well recognised age-related morphological changes involving the ascending aorta (O'Rourke et al. 2008; Sugawara et al. 2008; Redheuil et al. 2011; Mori et al. 2014) were likely to be associated with the extent of this wedging. We further hypothesised that if significant variations occurred in the extent of wedging, they might modify the relationships between the aortic root itself and surrounding structures. We have now validated our hypotheses, using multidetector-row computed tomography, to show that, in live patients,
• the extent of wedging varies widely between individuals, • ageing, male gender, obesity, background cardiac diseases, anterior tilting and dilation of the ascending aorta, and size of the thoracic cage, represented by the lung volume in the present analysis, are independent determinants of the extent of wedging. The agerelated absolute or relative elongation of the ascending aorta observed as resultant aortic tilting (Mori et al. 2014) , the latter reflecting a limited volume of the thoracic cavity by the positional change in the diaphragm due to lung volume and obesity (Fig. 7) , is likely to be the main mechanism for the deeper aortic wedging, in addition to the dilation of the ascending aorta,
• deep wedging is correlated with a relatively high left atrial roof and oval fossa, marked shepherd's crook morphology of the proximal right coronary artery, along with a more perpendicular relationship between the aortic root and the left ventricle. These individual but discrete features are likely to be based on a common anatomic mechanism, namely the degree of aortic wedging. Recognition of extreme wedging in itself, therefore, carries important implications. For example, an electrophysiologist observing the 'shepherd's crook morphology' as visualised during previous coronary arteriography, can confidently predict the presence of deep aortic wedging, which would then influence the likely relationships of structures within the inferior pyramidal space, this being of obvious significance during radiofrequency catheter ablation procedures.
The extent of aortic wedging, therefore, although thus far receiving little clinical attention, is of major significance. The individual variations in the extent of aortic wedging mean that the location of every cardiac structure, when assessed relative to the aortic root, can be affected by the extent of its wedging. Thus, when considering cardiac interventional procedures in general, the ascending aorta is the main route for access to the heart, including percutaneous coronary arterial intervention (Arani et al. 1988) . The aortic root itself, moreover, is the main target for several interventional procedures (Yamada et al. 2008; Thomas et al. 2011) . The location of the root, furthermore, is relevant to interventions involving the atrial septum (Rome et al. 1990; Divekar et al. 2005) , the atrioventricular conduction axis (Marshall & Griffith, 1999) , and the right ventricular outflow tract (Kamakura et al. 1998 ). Our observations now show that the changes we have identified can impact on all these clinical situations. In the first instance, the exaggerated 'shepherd's crook' morphology of the right coronary artery, now shown by our study to be associated with deeper wedging, can imply the need for back-up support when delivering interventional devices through its tortuously inverted U-turn (Arani et al. 1988; Shriki et al. 2012) . Secondly, the location of the aortic root is recognised as one marker for safe performance of transseptal puncture of the oval fossa (Rogers et al. 2006) , and this location is now shown to vary according to the extent of wedging. In similar fashion, the location of the aortic root is key to avoiding complications during transcatheter occlusion of atrial septal defects located within the oval fossa itself (Divekar et al. 2005; Mori et al. 2016a ). In the third place, aortic-to-left ventricular axial angulation, in combination with the socalled sigmoid shape of the muscular septum, can increase the difficulty of transcatheter implantation of aortic valvar A B Fig. 7 Representative cases of shallow and deep aortic wedging. Note the difference between shallow (A) and deep (B) aortic wedging. Deep aortic wedging was correlated with the aortic tilt and dilation, higher location of the left atrial roof relative to the inferior margin of the non-adjacent aortic sinus, marked shepherd's crook morphology of the proximal right coronary artery, and narrowing of the aortic-to-left ventricular axial angle. Fig. 6 Correlation between the extent of aortic wedging and surrounding structural anatomy. The extent of aortic wedging showed significant correlation with relative left atrial roof height (A), relative oval fossa heights (B), the height of the shepherd's crook (C), and aortic-to-left ventricular axial angle (D). The extent of aortic wedging, however, showed no significant correlation with the left ventricular wall thickness (E) and the eccentricity of the virtual basal ring of the aortic root (F). The extent of aortic wedging showed significant positive and negative correlations with lung volume (G) and body mass index (H), respectively.
prostheses (Foldyna et al. 2014 ) via either the transfemoral and transapical approaches. These features were also shown to be associated with changes in the extent of wedging. Finally, the extent of wedging could influence the safety of modification of the slow pathway during treatment of atrioventricular nodal reentry tachycardia. This is because deeper wedging shortens the vertical distance of the paraseptal area, potentially placing the atrioventricular conduction axis itself at greater risk of damage (Mori et al. 2012 (Mori et al. , 2015 . It is this feature that is of most significance to the electrophysiologist. All of these potential dangers indicate that preprocedural assessment of aortic wedging could prove to be a useful requisite for optimal cardiac interventional procedures. The extent of wedging, furthermore, could well induce specific pathologic conditions, such as platypnea-orthodeoxia syndrome, and right-sided heart failure (Popp et al. 1997; Akagi et al. 2005 ).
Limitations
We recognise that our study is not without its limitations. First, the retrospective cross-sectional design of our study does not allow us to prove time or causal relationships. The age-related nature of the aortic elongation and dilation, along with the variation in the observed wedging, however, supports the notion that the phenomenon is an acquired entity. Secondly, although male gender is demonstrated to be an independent determinant of the extent of wedging, the relatively small number of the subjects did not allow us as to evaluate the real influence of gender difference on the extent of aortic wedging. Thirdly, archive image datasets reconstructed only at mid-diastole were available for our analysis, as we enrolled patients who had undergone coronary arterial computed tomographic angiography. This might possibly distort the measurements made, as the heart is a dynamically deforming structure. Fourthly, cardiomyopathy proved to be an independent predictor of shallower aortic wedging. In the light of the methodological limitation of the present measurement of aortic wedging, however, it is axiomatic that the patients with larger left ventricles would exhibit a greater extent of aortic wedging, as shown in Tables 2 and 3 . This means, therefore, that the background cardiac disease, and the size of the heart, should also be noted when assessing the implications of the extent of aortic wedging. Lastly, the extent of wedging not only influences the surrounding cardiac structures but also affects the overall orientation of the heart within the thorax (Yanagisawa, 1981; Mori et al. 2017) . Further studies are required to overcome these limitations.
Conclusions
We have shown that the extent of aortic wedging varies widely between individuals. Ageing, male gender, obesity, background cardiac disease, aortic tilting and dilation, and lung volume are all independently correlated with its degree. The presence of deep wedging should be anticipated whenever there is evidence of a cranially deviated atrial roof and oval fossa, shepherd's crook morphology of the proximal right coronary artery, and narrowing of the aortic-to-left ventricular axial angle, with note taken of the obvious clinical implications.
